C 60 fullerides are uniquely flexible molecular materials that exhibit a rich variety of behavior 1 , including superconductivity and magnetism in bulk compounds 2, 3 , novel electronic and orientational phases in thin films [4] [5] [6] [7] [8] [9] , and quantum transport in a single-C 60 transistor 10 . The ability to tune competing interactions in the fullerides arises from advances in our ability to grow well-controlled heterogeneous molecular films. Here we describe measurements on potassium doped C 60 (K x C 60 ) ultra-thin films having variable thickness from one to three layers (layer index i = 1, 2, and 3) for three specific doping concentrations (x = 3, 4, and 5). Fig. 1a displays a scanning tunneling microscope (STM) topograph of a representative K x C 60 multilayer on Au(111), where the color scale highlights the plateau structure. Narrow slivers of C 60 -free voids containing only K atoms (brown) exist between continuous patches of K x C 60 . Islands of second (blue) and third layer (red) K x C 60 can be seen residing on top of the first K x C 60 layer (green). The average layer thickness is ~9.9 Å, greater than the 8 Å spacing found in undoped C 60 films 11 .
We begin by describing our results for a multilayer of the x = 3 metallic system.
Layer-dependent electronic structure in K 3 C 60 can be seen in Fig. 2a , which shows spatially-averaged dI/dV spectra measured at three different layer levels. Within each layer the spectrum is highly uniform with no sign of spatial inhomogeneity such as that found in the surface of bulk fullerides 12 . The first layer dI/dV displays a wide peak at the Fermi energy (E F ), reflecting the large electronic density of states (DOS) of a metallic LUMO-derived band (LUMO = Lowest Unoccupied Molecular Level). In contrast, the second layer spectrum shows a sharp dip at E F , indicating the emergence of an energy gap that tends to split the band into two halves. A similar gap-like feature persists in the third layer. The width of the gap-like feature (measured between adjacent local maxima) is ~ 0.2 eV, a much larger value than the superconducting gap 2∆ sc ~ 6 meV found in bulk K 3 C 60
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The spatial arrangement of C 60 molecules also changes dramatically with layer index. The first layer of K 3 C 60 (Fig. 2c ) exhibits a complex 3 3 × superstructure of bright molecules having different orientation from their dimmed nearest neighbors 8 . In the second layer (Fig. 2d) , however, C 60 molecules form a very simple hexagonal lattice (lattice constant a ~10.5 Å) with long-range orientational ordering. The tri-star-like topography of each molecule suggests that C 60 in the second layer is oriented with a hexagon pointing up 14 . The third layer topograph is the same as the second layer.
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The insulating x = 4 multilayer system displays a similar trend. Fig. 3a shows dI/dV spectra measured on a K 4 C 60 plateau structure where the number of layers is varied from i = 1 to 3. First layer spectra (i = 1) exhibit an insulating energy gap ∆ ~ 0.2 eV that is induced by molecular Jahn-Teller (JT) distortion 8 . As the layer index increases from i = 1 to 3, the energy gap opens continuously (by layer 3 the gap has well-defined edges and a flat bottom). The gap amplitudes observed here are estimated to be ∆ ~ 0.6 eV and 0.8 eV for layer 2 and 3 respectively. As seen in the metallic x = 3 system, the geometric structure of the insulating x = 4 system simplifies as layer index is increased. Complex film display featureless C 60 molecules with little discernable orientational ordering.
As doping is increased to x = 5, K x C 60 multilayers show re-entrant metallicity for layer 1 and an evolution to insulating behavior by layer 3. At this doping the upper JTband is only partially filled and the first layer spectrum (Fig. 4a ) exhibits a finite (although suppressed) electronic DOS at E F . Suppression of the DOS at E F deepens significantly in the second layer, and broadens to a pronounced energy gap by the third layer. As with the x = 3 and x = 4 doping levels, complex structural ordering in the first layer of K 5 C 60 (i.e., the highly ordered 2×2 superstructure seen in Fig. 4c ) evolves into a much simpler hexagonal ordering in higher layers (Fig. 4d ).
Taken collectively, these results clearly show that increasing film thickness suppresses metallicity and enhances the insulating tendency of K x C 60 thin films on Au(111). We propose that this trend arises from electron correlations due to intramolecular Coulomb repulsion, characterized by the Hubbard U. In fullerides, U is on the same order as the narrow bandwidth W
1
. The fullerides thus exist at the verge of a Mott-insulator phase transition and small perturbations to the strength of U may significantly alter their electronic ground state [15] [16] [17] [18] [19] . The electronic phase transitions observed here can be shown to result from changes in U wrought by changes in the local screening environment.
We now examine quantitatively the effect of screening on electron correlations in molecular films. For an isolated single C 60 molecule, the bare Hubbard U (denoted as U 0 )
has been estimated to be approximately 3.0 eV [20] [21] [22] [23] . When C 60 molecules form a solid, the value of U can be greatly reduced by screening. In our K x C 60 multilayers screening originates from three distinct sources: the metal substrate, surrounding polarizable molecules, and itinerant charge carriers.
The first two screening mechanisms can be treated in a straight-forward manner.
As discussed by Hesper et al. 24 , the screening of U from a nearby metal can be modeled using an image charge potential as
where d is the distance from the center of a molecule to the metal substrate (Fig. 1b) . The screening from nearby polarized molecules can be expressed as
where z is the number of nearest neighbors (NN), α is the molecular polarizability, and R is the inter-molecular distance. The third mechanism, renormalization of U by itinerant electrons (δU e ), depends sensitively on the doping concentrations of the fullerides and is a more complex term 21, 22, 25, 26 . The total reduction of U due to molecular environment is the sum of the three terms:
and U eff = U 0 -δU is the final effective Hubbard U. These relations show how the variable layer structure of our K x C 60 ultra-thin films can provide a systematic technique to control electron correlations by changing both the distance to the metal substrate (d) and the number of nearest neighbors (z).
This is seen most clearly in the insulating K 4 C 60 multilayer, where layer dependence of the gap is accounted for by Eqns. (1)- (2) becomes much better if we use a larger α value for K 4 C 60 (a reasonable assumption) and near perfect agreement is reached using an α value equal to twice the undoped C 60 value (unfortunately no independent measure of α has been reported in this regime). Stronger electron correlation in higher layers is thus responsible for the observed layer-dependent increase of gap in K 4 C 60 .
The screening behavior in metallic K 3 C 60 multilayers is quite different from the insulating K 4 C 60 case above, since the itinerant electron screening term (δU e ) becomes important in K 3 C 60 . Determining the renormalized U eff for K 3 C 60 is still quite controversial 1, 21, 25 . One way of modeling the screening in this case is to consider a metallic cavity surrounding each C 60 molecule 1, 26 . This generates a combined screening compensation (δU e + δU P ) of 2.7±0.5 eV, but does not include substrate effects. When substrate screening (δU S ) is included using Eq. (1), the effective Coulomb interaction becomes U eff = U 0 − δU = 0.2, 0.5 and 0.7 eV for i = 1, 2, and 3. For i = 1 U eff is too small compared to the bandwidth W to open a gap, while in layer 2 and 3 we expect a small Mott-Hubbard gap to begin opening as U eff becomes comparable to W (Fig. 2b) . This explains the gap-like structure observed in the K 3 C 60 data of Fig. 2a . (metallic case). Here itinerant electron screening is greater than for the insulating K 4 C 60 , but less effective than the more metallic K 3 C 60 . We thus expect the layer dependent U eff for K 5 C 60 to lie between the two extremes, reducing metallicity in the first layer and destroying it by the third. This is indeed the case, as we see a relatively small suppression of electronic DOS in layer 1 (Fig. 4a ), but by layer 3 a very well-defined gap has emerged (this has only 60% of the gap magnitude observed for the i = 3 layer in K 4 C 60 ).
The layer index-dependent change in structural properties seen for all three doping levels as the index increases above i = 1 is less a direct result of electronic screening and more likely dominated by intermolecular electron hopping via the overlap of molecular orbitals 7, 28 . The complex structures found in layer 1 of K x C 60 , x = 3 to 5 (Figs. 2c, 3c , and 4c) are characteristic of geometric frustration of molecular orientational ordering in a two-dimensional lattice 29 . As the layer index is increased, additional interaction with adjacent C 60 molecules in the lower layers leads to quasi-3D-like intermolecular interactions. This creates a more isotropic local molecular environment and puts more spatial constraints on molecular orientation, limiting the possibility of exotic molecular ordering. Therefore, the much simpler and more homogeneous spatial structures found in the higher layers of K x C 60 (Figs. 2d, 3d , and 4d) can be seen as a natural consequence of dimensional crossover from the 2D limit to the quasi-3D bulk regime.
Using accurately fabricated K x C 60 ultra-thin films, we demonstrate how electron correlation strength, a key factor in determining the material properties of fullerides, can be experimentally controlled by varying proximity to a metal substrate, the number of nearest neighbours, and intrinsic doping levels. These results support the notion of tuning molecular electronics via variable layer structure and distance to metal contacts, and open new routes towards engineering novel molecular devices and creating new electronic phases in strongly correlated molecular materials.
Methods
Our experiments were conducted in a homebuilt ultrahigh vacuum (UHV) cryogenic STM with a PtIr tip. C 60 thin films with desired thickness were made by evaporating C 60 molecules onto a clean Au(111) surface from a Knudsen cell evaporator. Appropriate amounts of K atoms were dosed onto the films from a SAES getter. Both K and C 60 evaporators were pre-calibrated by directly counting the number of atoms/molecules in STM images. The K x C 60 thin films were annealed at 200 ºC for 20 minutes before being cooled to 7 K for STM experiments. Progressive doping was obtained by adding more K atoms onto the existing film followed by re-annealing. Lower annealing temperature of ~140 ºC was used in the highly-doped samples (x > 4) to avoid K loss. STM topography was carried out in a constant current mode. dI/dV spectra were measured through lock-in detection of the ac tunneling current driven by a 450 Hz, 
